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Available online 23 November 2016Multiple studies demonstrate Northwest Alaska and the Alaskan North Slope are warming. Melting permafrost
causes surface destabilization and ecological changes. Here, we use thermistors permanently installed in 1996
in a borehole in northwestern Alaska to study past, present, and future ground and subsurface temperature
change, and from this, forecast future permafrost degradation in the region.Wemeasure andmodel Ground Sur-
face Temperature (GST) warming trends for a 10 year period using equilibrium Temperature-Depth (TD) mea-
surements from borehole T96-012, located near the Red Dog Mine in northwestern Alaska—part of the Arctic
ecosystem where a continuous permafrost layer exists. Temperature measurements from 1996 to 2006 indicate
the subsurface has clearly warmed at depths shallower than 70m. Seasonal climate effects are visible in the data
to a depth of 30m based on a visible sinusoidal pattern in the TD plots that correlate with season patterns. Using
numericalmodels constrained by thermal conductivity and temperaturemeasurements at the site, we show that
steady warming at depths of ~30 to 70 m is most likely the direct result of longer term (decadal-scale) surface
warming. The analysis indicates the GST in the region is warming at ~0.44 ± 0.05 °C/decade, a value consistent
with Surface Air Temperature (SAT)warming of ~1.0± 0.8 °C/decade observed at Red DogMine, but withmuch
lower uncertainty. The high annual variability in the SAT signal produces signiﬁcant uncertainty in SAT trends.
The high annual variability is ﬁltered out of the GST signal by the low thermal diffusivity of the subsurface. Com-
parison of our results to recent permafrost monitoring studies suggests changes in latitude in the polar regions
signiﬁcantly impacts warming rates. North Slope average GST warming is ~0.9 ± 0.5 °C/decade, double our ob-
servations at RDM, but within error. The RDMwarming rate is within thewarming variation observed in eastern
Alaska, 0.36–0.71 °C/decade, which suggests changes in longitude produce a smaller impact but have warming
variability likely related to ecosystem, elevation, microclimates, etc. changes. We also forward model future
warming by assuming a 1D diffusive heat ﬂowmodel and incorporating latent heat effects for permafrost melt-
ing. Our analysis indicates ~1 to 4m of loss at the upper permafrost boundary, a ~145± 100% increase in the ac-
tive layer thickness by 2055. If warming continues at a constant rate of ~0.44± 0.05 °C/decade, we estimate the
125 m thick zone of permafrost at this site will completely melt by ~2150. Permafrost is expected to melt by
~2200, ~2110, or ~2080, if the rate of warming is altered to 0.25, 0.90, or 2.0 °C/decade, respectively, as an
array of different climate models suggest. Since our model assumes no advection of heat (a more efﬁcient heat
transport mechanism), and no accelerated warming, our current prediction of complete permafrost loss by
2150 may overestimate the residence time of permafrost in this region of Northwest Alaska.








Mean Surface Air Temperature (SAT) worldwide has been rising
since at least the early 20th century, indicating the Earth surface is
warming (Karl and Trenberth, 2003; Hansen et al., 2006; Schmunk,
2013). The role of surface warming on permafrost is a major concern
in Alaska and throughout the Arctic because melting permafrost
often leads to ground destabilization as well as ecosystem changes. This is an open access article under(Qingbai et al., 2002; Jorgenson et al., 2008; Osterkamp et al., 2009;
U.S. Arctic Commission Permafrost Task Force, 2003). Rates of sur-
face warming and permafrost melting, however, are highly variable
in space and time (Lachenbruch and Marshall, 1986; Lachenbruch,
1994; Osterkamp, 2003, 2007). Northwest Alaska represents a vast
region (N100.000 km2) where a signiﬁcant continuous permafrost
layer (up to ~400 m thick) exists, yet only a very limited number of
permafrost studies/forecasts exist (Jorgenson et al., 2008). Few stud-
ies exist in this region because of limited high quality temperature
monitoring boreholes able to assess permafrost conditions.
A key priority for this study is to use newly analyzed borehole tem-
perature and thermal conductivity data for a 125mdeep borehole at thethe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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but also to use these results to forward model future permafrost degra-
dation in northwest Alaska. RDM is located in the Northwest Arctic
Borough, Alaska, (Fig. 1) within the Arctic ecosystem and north of the
continuous permafrost line. Well T96-012 is located at the southern
end of the RDM area, away from major mining activities, water tribu-
taries, and with minimal vegetation disturbance (AMEC Environment
and Infrastructure, 2012), making this an ideal location for permafrost
degradation and climate change analysis. In fact, thewell was speciﬁcal-
ly drilled and designed formonitoring permafrost degradation in the re-
gion with time. We use geologic logs and core samples provided by the
mine to determine thermal properties for T96-012. These data, com-
bined with a decade of quarterly temperature measurements at depth
intervals of 4.5–7.5 m are used to assess and model subsurface temper-
ature change and permafrost degradation with time. We use results
from this analysis to provide better insight into permafrost evolution
in this region that can be used to develop time sensitive strategies for
predicting and mitigating changes associated with permafrost melting.
This study provides new insight into ground temperature change and
its inﬂuence on permafrost at the western end of the Brooks Range in
northwest Alaska—an area where very few long-term temperature or
permafrost studies exist (Lachenbruch and Marshall, 1986;
Yoshikawa, 2013; Clow, 2013; Biskaborn et al., 2015). The analysisFig. 1. Sites throughout Alaska that are cataloguedwithin theGlobal Terrestrial Network for Perm
longer accessible, black open circles aremonitoring sites b25m deep, green ﬁlled circles are site
monitoring sites are Noatak and Kivalina, which are both b6m deep (Yoshikawa, 2013). The ne
warming rate estimates, °C/decade, are displayed for sites with published temperature data
comparison.presented here is, to our knowledge, (1) the ﬁrst published report of
long-term surface and borehole temperature changes inland in north-
western Alaska, (2) the ﬁrst high-temporal resolution borehole study
using permanently installed borehole thermistors, and (3) the ﬁrst
deep borehole (N100 m) decadal scale temperature depth study in
northwest Alaska.
2. Previous studies
Ground Surface Temperature (GST) combined with borehole tem-
peraturemeasurements represent a valuablemethod for understanding
and constraining permafrost change in the arctic with time
(Lachenbruch and Marshall, 1986; Osterkamp, 2003, 2005, 2007;
Smerdon et al., 2004). Consequently, GST combined with subsurface
borehole Temperature-Depth (TD) measurements are frequently used
to monitor changes in the permafrost (Lachenbruch, 1994; Osterkamp,
2003, 2007). Currently, permafrost monitoring wells exist along a
North-South transect in eastern Alaska along the Trans-Alaska Pipeline
System (TAPS) and other select sites where high-quality temperature
data have been collected since the early 1980′s (Lachenbruch and
Marshall, 1986; Osterkamp, 2003, 2007; Romanovsky et al., 2015). Ad-
ditionally, a recent effort began in 2005 to install permafrost and active
layer monitoring sites in every village throughout Alaska. Most newafrost (Yoshikawa, 2013; Clow, 2013; Biskaborn et al., 2015). Black X's are sites that are no
s N25m deep, and the blue star is the location of this study. The nearest active permafrost
arest deep well was Cape Thompson, which is no longer accessible (Clow, 2013). Average
or warming values. Note that not all monitoring sites have published data for regional
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less, making it difﬁcult to differentiate short-term (seasonal) tempera-
ture ﬂuctuations with longer-term (decadal-scale) ﬂuctuations
(Yoshikawa, 2013; Beardsmore and Cull, 2001). The recent Global
Terrestrial Network for Permafrost project also compiles multiple data-
bases for assessing the thermal state of permafrost and circumpolar ac-
tive layer monitoring (Fig. 1) (Biskaborn et al., 2015). The TAPS transect
crosses three distinct areas with three different warming signatures.
The authors from these previous studies reported that the Arctic Coastal
Plain, the Brooks Range, and areas south of the Yukon River showed
warming of approximately 1.1–1.4, 0.4–0.7, and 0.1–0.4 °C/decade, re-
spectively (Osterkamp, 2007). The TAPS transect shows warming can
have a two to threefold variation while still within the same regional
ecosystem (Fig. 1). Other temperature studies using borehole tempera-
ture measurements have been conducted on the North Slope of Alaska,
and these studies indicate signiﬁcant (~0.3–2.0 °C/decade) variability in
surface temperature change with time from site-to-site (Fig. 1)
(Lachenbruch and Marshall, 1986; Lachenbruch, 1994; Osterkamp,
2003, 2007; Clow, 2013). The high degree of variation in surface tem-
perature change in both space and time across Alaska demonstrates a
non-uniform, complex warming trend, which is likely due to a host of
different parameters, includingbut not limited to elevation, topography,
proximity to the ocean or other heat sources, snow-cover, and human-
caused surface disturbances. The observation of complex, highly
variable surface warming across Alaska highlights the need for more
local GST studies to better constrain permafrost degradation in space
and time.
The closest surface air temperature studies to borehole T96-012 are
on the Alaskan coast along the Chukchi Sea at Kotzebue and Cape
Thompson, both ~125 km away from the RDM site (Osterkamp, 2007;
Lachenbruch and Marshall, 1986). Additionally, the Kotzebue and
Cape Thompson sites are both within 1.2 km of the shoreline where
ocean water directly inﬂuences regional air and subsurface tempera-
tures, and the warm Paciﬁc Ocean current sweeping up the Bering Sea
acts as a potentially signiﬁcant heat source for the cold ground (e.g.
Pickart et al., 2009). The elevations for Cape Thompson and Kotzebue
are ~100 m and ~10 m, respectively versus 274 m for the Red Dog
Mine well-site used in this study. Furthermore, unlike previous studies
that were located b2 km from the ocean, our site at the Red Dog Mine
is located ~66 km inland. The sea is not close enough to produce a sub-
surface thermal anomaly visible in T96-012 TD measurements, but the
proximity of the site to the sea likely has important implications for re-
gional climate (Gosnold et al., 1997; Anisimov and Nelson, 1997;
Lawerence and Slater, 2005). The greater elevation and greater distance
of the RDM site from the Chukchi Sea suggests temperatures at borehole
T96-012 are much less affected by the ocean heat source than previous
studies. Besides the Cape Thompson well, the next closest ground sur-
face temperature or deep permafrost monitoring site is ~200–300 km
east RDM. TD analysis at this site, therefore, provides new insights
into climate, ground-temperature change, permafrost evolution, and
heat ﬂow in the interior of Northwest Alaska – a region traditionally as-
sociatedwith thick, relatively stable permafrost. A comparison of our re-
sults fromwell T96-012 in northwest Alaska to other regional studies on
the North Slope of Alaska and along the TAPS transect provides new in-
sight into regional variability and differences in permafrost degradation
across Alaska.
3. Well location and geology
Well T96-012 is located at 68.042°N, 162.886°W at 274 m eleva-
tion (Fig. 2), approximately 1.75 km southwest of the primary zinc
and lead mining operation, which has a footprint of ~2.8 × 1.6 km.
About 500 m north of the well is a ~ 2 × 1.2×.01 km tailings pond.
The RDM airport runway terminates ~375 m south of the well and
there are gravel roads ~50 m and 375 m to the east, and ~50 m
north of the well. The tailings pond is the closest, largest featurerecently constructed (circa 1987) and has the greatest potential to
disturb TDmeasurements in T96-012. Numerical modeling assessing
the impact of the tailings pond onwell subsurface temperature at the
well site is negligible and discussed in detail in Section 7. Analysis of
our results suggest the impact of the pond on subsurface tempera-
tures is b0.0025 °C. The assumption is made that impacts from
other mining related surface alterations will be smaller than the pos-
sible effects produced by the tailings pond and therefore not taken
into consideration. Geographically, T96-012 is located near the
base of a SW-NE trending valley. The prevailing wind direction is
N-NE, meaning no lake and mining operation thermal effects are
blown towards the well or weather station where surface tempera-
ture measurements are made. The topography is relatively ﬂat
(b10 m change) within 500 m of the well site, making topographic
effects to the temperature measurements negligible. The local vege-
tation is arctic tundra, and has been since before the mine operation
began, removing the possibility of recent deforestation/reforestation
that can directly inﬂuence ground temperature warming (Gosnold
et al., 1997; Skinner and Majorowicz, 1999; Majorowicz and
Skinner, 2001). Beyond the RDM surface alterations (mining infra-
structure) mentioned, the site is nearly pristine wilderness for a
50 km radius.
Well T96-012 was drilled in August 1996 to a depth of 160m for the
purpose of background temperature monitoring. A lithologic log was
collected for T96-012 during drilling (Fig. 3). Although no core samples
were collected, drill cuttings were collected only to construct the litho-
logic log andwere used as backﬁll for mining related operations (Water
Management Consultants, Inc., 2001; AMEC Environment and Infra-
structure, 2012; Krolak, 2015). The rock cuttings log from T96-012 indi-
cates the upper 3.15 m (10 ft) is a mixture of Cretaceous shales,
Siksikpuk Formation (shale to shaley siltstone and shaley chert sec-
tions), and silica and carbonate vein fragments. From 3.15–41 m
(10–130 ft) is Cretaceous age undifferentiated shale and sandstone.
From 41 to 72.4 m (130–230 ft) is a mixture of undifferentiated
Cretaceous shale and sandstone determined to be the Kivalina Shale,
the Siksikpuk Shale, and the Siksikpuk Chert. The last segment from
72.4 to the bottom of the lithology log (150 m, 476.5 ft) are Cretaceous
undifferentiated shale and sandstone. A basic interpretation of the lith-
ologic log suggests sediments found while drilling T96-012 represent
reworked and displaced Mississippian and Permian age Kivalina Shale
and Siksikpuk Formation, respectively, in between Cretaceous age
rocks. There is no mention of Triassic or Jurassic rocks on the lithologic
log; such formationswere presumably eroded away at this location dur-
ing the Brookian Orogeny. Though a literature search did not ﬁnd any
published values for thermal conductivity or speciﬁc heat capacity for
the lithologies encountered, we are able to constrain thermal properties
of these rocks by measuring relative mineralogy through X-ray Diffrac-
tion (XRD) analysis combined with a weighted average approach.
4. One dimensional heat diffusion
Multiple Temperature-Depth (TD) studies indicate that heat
transfer is diffusion-dominated in the near surface of the Earth (i.e.
conduction of heat) (Carslaw and Jaeger, 1959; Beardsmore and
Cull, 2001). The simplest heat diffusion model assumes a homoge-
nous medium such that a constant value is used for the thermal
properties of the subsurface. In such instances, the temperature in-
creases linearly with depth, with non-linear effects occurring only
in the upper few tens of meters of the surface, due to changing sur-
face temperature conditions with time (e.g. Beardsmore and Cull,
2001). At depths below 70 m, the TD measurements at T96-012
show nearly linear proﬁles with depth, implying nominal to no
ﬂuid ﬂow and nearly constant thermal diffusivity values. Additional-
ly, the well is frozen (below 0 °C) from ~3–125 m, implying no
potential water ﬂow. The linear TD trend combined with below
freezing temperatures (where ice helps further seal pore space,
Fig. 2.Map of Red DogMine and location ofwell T96-012with respect to themining operations. T96-012 is roughly 500m south of the tailings pond, and roughly 50m and 375mwest of
service roads that head south. The prevailing wind direction is North-Northeast and does not cause a lake effect cooling towards the well or the weather station where surface air
temperature measurements are made. T96-012 (147.5 m deep) is in the middle of small valley, with b10 m elevation change within 500 m of the well.
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dominated heat transfer at this site. Several different lithologies are
encountered within T96-012 and thermal properties of these
lithologies must be determined to quantify heat ﬂow. Additionally,
the presence of the active layer (the upper most 3 m of the well
that is above freezing) and the latent heat effects associated with
freeze-thaw processes, introduces variable thermal properties in
space and time in the near surface. Changes in the material ﬁlling
pore space in the active zone (from ice to water, for example) can
have a signiﬁcant effect on thermal diffusivity. To account for varia-
tions in both rock mineralogy, and ice versus water ﬁlling pore
space, we utilized the one-dimensional heat diffusion equation
with variable thermal diffusivity (Eq. (1)) to assess and model
changes in temperature with depth at T96-012. The possible effects
of advective ﬂuid ﬂow on heat transport is discussed in Section 11.
The 1D time-dependent diffusive heat ﬂow equation with variable
diffusivity is:












α thermal diffusivity, m2/s
We solve for T in space and time numerically using a standard
forward-time center-space approach (e.g. Beardsmore and Cull, 2001).
See Appendix A for explanation and derivation of the discretized
model and approximations used here.Temperature, depth, diffusivity, and time are constrained by the data
collected at RDM. Temperature, depth, and time are well known from
direct measurements, however, thermal diffusivity requires another
calculation (Eq. (2)) based on values that are measured from the rock
samples. Thermal diffusivity (α) of the sediment at a given depth is
deﬁned as the following:
∝ zð Þ ¼ K zð Þ
ρ zð Þcp zð Þ ð2Þ
where:
K (z) thermal conductivity of the sediment matrix, W/m*K
ρ (z) bulk density, kg/m3
Cp (z) speciﬁc heat capacity of the minerals in the sediment, J/Kg*K
Latent heat effects associated with freeze-thaw cycles of the active
layer were also accounted for using the heat integration method
(Eq. (3)). The heat integration method accounts for heat lost due to
latent heat of formation by holding the temperature within the cell at
the melting/freezing point until enough heat has entered/left that cell
to equal the amount of energy required for the phase change, following
the method of Hu and Argyropoulos (1996). Once this critical level of
heat transfer occurs, the temperature in the cell is allowed to change
and continue heating/cooling following the heat diffusion equation.
Appendix A gives an explanation of latent heat and how it is
incorporated into this model; a more detailed explanation of the heat
integration method to model phase boundaries using a ﬁnite-
difference approach can be found in Rolph and Bathe (1982), Hu and
Argyropoulos (1996), and Prapainop and Maneeratana (2004). The
active layer is currently at most 3–4 m thick based on temperature
data in T96-012, and was incorporated to provide the most realistic
Fig. 3. Lithology, thermal conductivity data, and estimated porosity for well T-96-012. The lithology, according to the lithology log, is primarily Cretaceous age shaley sandstone or sandy
shale. Measured thermal conductivity of the different rock types shows that the majority of the well is within 1 sigma error of the well average thermal conductivity (represented by the
grey lines). The two sections that are outside 1 sigma error are theMississippian Kivalina Shale and the Permian Siksikpuk Chert.While these are outside of 1 sigma error, these two section
combined only account for 5 m of the 150 mwell and have a minor role from a thermal modeling perspective. The porosity model follows a logarithmic curve with a starting porosity of
50% as an average of published porosity values inweathered shales (Jin et al., 2013). An assumption ismade that porosity isﬁlledwith pureH2O in either solid or liquid form (1 sigma error
represented by the grey lines). The logarithmic porosity model produced the best ﬁtting thermal model.
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ΔTCp ¼ Hf ð3Þ
where:
ΔT temperature difference at phase boundary, °C
Cp heat capacity of cell, J/kg*K
Hf latent heat of formation, J
5. Temperature data collection and thermal property calculation
methods
Temperature data and rock samples used in this study were collect-
ed by Red DogMine (RDM) personnel and later provided to the authors
for this research. A brief summary of the publically available
temperature data collection and our thermal property calculation
methods is below. A more complete summary of the RDM long-term
permafrost monitoring program, including the complete temperature
measurement dataset, the temperature data collection methods, and
data accuracy are provided in publically available documents (Water
Management Consultants, Inc. (2001) and references therein).Additionally, to ensure availability, transparency, and reproducibility
of this study, we present in Supplement 1 the manually digitized tem-
perature data used for this study from the available temperature versus
time graphs for each thermistor within the publically available reports.
Thermal propertiesweremeasured and calculated for core samples sent
from RDM exploration holes near T96-012. There was concern that the
samples, although from the same lithologic units, may be composition-
ally different because of proximity to the main mineral deposit. X-ray
diffraction (XRD) analysis determined that there were only minor
amounts of ore minerals within the supplied rock samples, similar to
notes from the cuttings log for T96-012. Both the supplied rock samples
and T96-012 are outside the primary ore deposit; therefore, the core
samples obtained from regional exploratory drilling are a good alterna-
tive for estimating thermal properties in lieu of core from T96-012.
5.1. Temperature data
Temperature data were collected following speciﬁc procedures
outlined in the long-term permafrost and groundwater monitoring
plan designed to monitor the tailings impoundment (AMEC
Environment and Infrastructure, 2012; Water Management
Consultants, Inc., 2001). Temperatures were measured by individual
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manently installed into PVC pipes thatwere lowered downhole. Therm-
istors were placed 4.5 m apart in the upper 48.5 m of the well and then
7.6m apart at all greater depths, to a bottomdepth of 147.5m (accuracy
of ±0.1 m). A total of 24 thermistors were installed. The thermistors
used were designed by Dryden Instrumentation in Anchorage, Alaska,
with speciﬁcations equivalent to YSI 44034 thermistors. The thermis-
tors have a rated accuracy of±0.1 °C and a suggested operating temper-
ature range from−80 °C to +75 °C. Each thermistor was heat-shrink
wrapped to protect it from abrasion and moisture. Temperature data
were collected by connecting a computer at the surface to record the
raw data while leaving thermistors downhole. Raw data output is a re-
sistance reading that is then converted to temperature following a cali-
bration curve that was produced using an ice-bath by Dryden
Instrumentation. Temperature data were collected from September
1996 until present, on a quarterly basis at minimum by RDM personnel.
Temperature versus time are examined to show the extent of yearly and
seasonal near-surface temperature variation. Over time, thermistors
would fail and produce erroneous temperature measurements. Until
2005, the only thermistor that had permanently failed was at 124.7 m.
In 2006, however, thermistors at 43.9 m, 63.7 m, 71.3 m, and 78.9 m
also failed and as of 2012, only 5 thermistors (2.7 m, 56.1 m, 94.2 m,
109.4 m, and 117.0 m below surface) were operating normally. For
this study, we therefore analyze data collected during the approximate-
ly ten year period of 1996 to 2005, when temperaturemeasurements of
high spatial and temporal resolution exist. Temperature versus time
graphs from publicly available reports (AMEC Environment and
Infrastructure, 2012; Water Management Consultants, Inc., 2001) for
each individual thermistor were digitized, compiled into temperature
vs. depth proﬁles, (see Supplement 1) and analyzed.5.2. Thermal properties
Thermal diffusivities of the lithologies in the borehole were calculat-
ed using values of speciﬁc heat capacity, density, thermal conductivity,
and porosity measured via high precision scale weighing, divided-bar,
and XRD analyses from rock samples provided by Red Dog Mine
(RDM). Thermal diffusivity was calculated following Eq. (2); there are
no published values for thermal diffusivity in the literature for the lith-
ologic units encountered at RDM for comparison. XRD analysis was per-
formed at Southern Methodist University (SMU) on powdered samples
to determine the mineralogy of each lithology and calculate a lithology
speciﬁc heat capacity. Samples were powdered using a ball mill run for
2 min and 30 s at a frequency of 15 (Hz) to grind the samples to a ho-
mogenous particle size of ~1 μm. Diffraction patterns were recorded
using a Rigaku Ultima III X-ray diffractometer with Cu-Kα radiation
through a continuous scan from 3 to 60° 2θ at 1° per minute. First
order bulk percentages of potential minerals were calculated using the
reference intensity ratio method (Hillier, 2000). Mineral groups were
assigned as necessary, instead of speciﬁc minerals, because potential
minerals determined by peak identiﬁcation had similar heat capacity
values (Robie et al., 1979; Skauge, 1983; Robie and Hemingway, 1991;
Bechtel SAIC Company, LLC., 2004). Saturated thermal conductivity
was measured at the Southern Methodist University GeothermalTable 1
Mineral groups and respective percentages for each lithologic unit determined from XRD analy
sociated with percentage estimate.
Sample Quartz Micaceous Feldspars
Cretaceous shale (Ks) 54 (13) 31 (6) 8.8 (13)
Cretaceous undifferentiated (Ku) 34 (7) 53.1 (15) –
Kivalina shale (Mlk) 49.3 (5) – –
Siksikpuk cherty shale (Psl) 74 (8) – –
Siksikpuk shale (Psm) 71 (6) 21 (3) 3.7 (3)
Siksikpuk chert (Pslc) 100 – –Laboratory using a divided-bar conductivity device following the
procedures outlined in (Blackwell and Spafford, 1987), and measured
for each rock type encountered in the borehole (Fig. 3). Density and po-
rosity weremeasured on the sample plugsmade for thermal conductiv-
ity using a simple mass versus volume calculation. Samples were
weighed dry and also wet to estimate porosity based on the change in
weight. Multiple porosity models were tested following other
porosity-depth studies (Hamilton, 1976; Vera, 2005; Jin et al., 2013).
XRD analysis was run on 5 of the 6 lithology samples obtained from
RDM. The Siksikpuk Chert (Pslc) was not analyzed using XRD because
the hand specimen was easily identiﬁed as a Chert and assumed to be
100% SiO2. Comparison of the 6 different lithologic units gave similar
bulk mineral assemblages in varying quantities except for Pslc
(Table 1). The mineral assemblages indicate that the rocks are closer
to siltstone than shale. Calculations using the literature derived speciﬁc
heat values for each of the minerals produce a remarkably consistent
speciﬁc heat of 715 ± 15 (1 sigma) J/kgK for the lithologic portion of
the well. First order percentage estimates for each rock type and their
respective thermal properties indicate that the geology encountered in
T96-012 is simple enough to model the lithologic contribution (no po-
rosity) to thermal diffusivity as homogenous. Following the homoge-
nous medium assumption, the average thermal conductivity for the
well is 3.0 ± 0.4 W/mK, similar to other siltstone values reported in
the literature (Beardsmore and Cull, 2001). An average mineral density
was calculated at 2800 ± 70 kg/m3 for the well using the thermal con-
ductivity sample plugs. Ultimately, the best-ﬁt thermal diffusivity pro-
ﬁle developed included a logarithmic porosity model with pure H2O in
the pore space (Fig. 3). Here, porosity is assumed to be ﬁlled with
pure H2O as a simpliﬁcation for the thermodynamic latent heat process.
The porosity model assumes a value of ~50% near the surface, and
mimics a typical porosity-depth proﬁle in a weathered shale rich sys-
tem, with values converging to ~6% at 150 m to match regional age-
equivalent porosity measurements (Vera, 2005). The porosity-depth
proﬁle is conservatively estimated to have ±15% 1 sigma error because
of the nominal number of direct measurements. Compounded 1 sigma
error for thermal diffusivity is ±19%, which, when combined with a
maximum ±10% error in depth, equates to ±0.22 °C1 sigma error for
modeled temperature.6. Temperature-depth observations and interpretations
To assess the accuracy and precision of the thermistors from 1996 to
2005, we analyzed temperature versus time at the three deepest therm-
istors (located at the bottom of T96-012), located at depths with no
measureable changes in temperature for the duration of the study
(Fig. 4). Thus, themeasured temperature variability at these thermistors
is a good estimate of thermistor precisionwith time. The deepest therm-
istor at 147.5mhad an average temperature variation of ~0.04 °Cwith a
maximum temperature variation of 0.07 °C and a standard deviation of
the mean temperature of ±0.016 °C during the data collection period
with no signiﬁcant increasing or decreasing temperature trend. These
small ﬂuctuations are likely related to tool drift or small electronic relat-
ed variations and not related to the subsurface thermal regime. The
132.3 and 139.3 m deep thermistors showed comparable results, withsis using the reference intensity ratio method. Number in parenthesis is 1 sigma error as-
Clays Manganese oxides Carbonates Pyrite
– 6.6 (8) – –
– 5.54 (7) 6.96 (14) –
37.4 (7) – 11.06 (14) 2.17 (9)
25.5 (17) – – –
– 4.0 (3) – –
– – – –
Fig. 4. Temperature vs. Time at the 132.2, 139.3, and 147.5 m thermistors in T96-012. The
bottom of the well is assumed to be at equilibrium with the surrounding rock, and not
effected by any seasonal or long term climatic temperature perturbations; therefore, the
variation in the temperature at these bottom three thermistors is a proxy measurement
of the precision of the thermistors in T96-012. The average temperature variation for all
three depths is ~0.04 °C, with a standard deviation of 0.014, 0.013, and 0.016 °C and a
maximum temperature deviation of 0.07, 0.05, and 0.07 °C, for 132.3, 139.3, and
147.5 m, respectively. Minimum precision for these three thermistors is less than±0.1 °C.
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perature variation of 0.07 and 0.05 °C, and a standard deviation of the
mean temperature to be ±0.014 and ±0.013 °C, respectively (Fig. 4).
Analysis of the three deepest thermistor produced a 2 sigma thermistor
precision of approximately less than ±0.05 °C, higher than the rated
temperature accuracy of the thermistors. All three thermistor tempera-
ture vs. time series begin to drift inmeasurement value in the year 2000.
Thermistor drift could be a result of many factors including thermistor
failure, ﬂuid ﬂow, borehole material disturbances, etc. Thermistor drift
is within the rated tool accuracy of ±0.1 °C, and on the order of the 3
sigma error for the thermistor precision. If the visible tool drift is a cli-
mate change signal, it is below our measurement precision and there-
fore not detectable. Indeed, any change in temperature at these
depths over this 10 year time frame related to climate would require a
prolonged and signiﬁcant surface temperature change for the signal to
be detectable with these instruments, e.g. a temperature change of
≥10 °C over a 100 year period, signiﬁcantly greater than current SAT ob-
servations (Hansen et al., 2006) (see Appendix B). Instrumentmeasure-
ment error is low and any temperature change signal visible within the
Temperature-Depth (TD) plots greater than ±0.06 °C we associate to
heat transfer processes.Thewell from 7 to 125mhas temperature values always below 0 °C,
implying the section affected by GST warming is currently completely
frozen, inhibiting ﬂuid ﬂow effects (Fig. 5). One exception is the active
layer at the surface, the portion of the subsurface that goes through
the annual freeze-thaw cycle. The active layer introduces latent heat,
thermal property changes, and potential ﬂuid ﬂow. The active layer
has been as thick as ~3 m based on temperature data of the ﬁrst therm-
istor (2.7 m deep), but temperature at this depth exceeds 0 °C only
twice since 1996 (AMEC Environment and Infrastructure, 2012). Nu-
merical modeling results suggest the average active layer thickness is
only ~1.7 m. There is not sufﬁcient temperature resolution in the near
surface to assess active layer growth from observed data since the ﬁrst
thermistor is at 2.7 m depth, and the next at 7.3 m. Still, active layer
and latent heat are incorporated and accounted for in the numerical
model. The active layer growth is examined in the following sections.
TD plots from 1996 to 2012 have sinusoidal temperature ﬂuctua-
tionswith decreasing amplitude to a depth of ~30m (Fig. 5). Theseﬂuc-
tuations in temperature for thermistors near the surface are consistent
with what is expected from seasonal surface temperature changes
(Beardsmore and Cull, 2001; Mann and Schmidt, 2003). There is a
statistically signiﬁcant temperature change from 30 m to ~70 m
between the 1996 and 2005 TDmeasurements (Fig. 5B andD). To assess
only the decadal-scale temperature change and avoid confusion in
interpretation of the seasonal temperature ﬂuctuations, we only
analyze temperature depth data at annual time-intervals for this study
at depths N30 m (Beardsmore and Cull, 2001) (Fig. 5). Recent Surface
Air Temperature (SAT) measurements have shown mean annual SAT
rising non-linearly since at least the beginning of the 21st century
(Karl and Trenberth, 2003; Hansen et al., 2006; Schmunk, 2013). If
GST is perfectly coupled with SAT, a comparable non-linear increase in
GST is likely to exist. Unfortunately, our temperature-time data series
only extends over a 10 year period – too short of a period to observe
clearly a non-linear warming trend with depth given the temperature
and depth resolution of our dataset; however, a potential long term
warming signal from ~70 m to 95 m exists within the data that we
use to examine early 20th century warming versus the observable
1996–2005 warming.
7. Potential causes for observed subsurface warming
Several factors are known to cause changes in shallowborehole tem-
perature with time. Warming associated with borehole temperature
changes are sometimes associated with (1) the anthropogenic surface
disturbances near the borehole (e.g. Skinner and Majorowicz, 1999),
(2) changes in the weather pattern effecting snow cover and overall
heat exchange between the climate and subsurface (e.g. Bartlett et al.,
2004), (3) long term (annual or greater) surface air temperature
(SAT) (e.g. Bartlett et al., 2006), or (4) a combination of these. The
change in subsurface temperature caused by surface alterations have
the potential to inﬂuence surface heat absorption that can in some in-
stances mask any long term climatic signal at the site, as observed by
the earliest paleoclimate studies in Alaska (Lachenbruch and Marshall,
1969, 1986; Lachenbruch, 1994). At the RDM well, however, all surface
modiﬁcations near thewell are negligible. The largest potential concern
regarding surface changes inﬂuencing regional heat absorption comes
from the tailings pond, which was built to hold tailings under water to
limit environmental damage. A large pond has the potential to be a
heat source in the winter in a permafrost setting such as this
(Lachenbruch and Marshall, 1969). Mine construction began in 1987,
meaning the longest the tailings pond could have disturbed the temper-
atures for our period of study is 18 years (from1987 to the 2005). To ex-
amine the potential effects the tailings pond could have on subsurface
temperature during not only the 18 years prior to the end of our tem-
perature data, but also into the future (as this site may continue to be
used as a permafrost monitoring station for several decades), we con-
structed a two-dimensional heat ﬂow model that estimates the
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site. For this model, the pond temperature is held at 1 °C and sediments
near the pond have an initial temperature of 0 °C. The model assumes
the lake is 2 km long, has a 10 m thick water layer (in reality it is
~1 m) and, since the model is 2D, assumes the lake is inﬁnitely long in
the out-of-plane direction and has open side boundary conditions.
Thus, the model provides a likely maximum estimate for the pond's
maximum heating potential of the subsurface because it neglects the
additional heat dissipation that would take place in the third dimension
(width of the lake) or lateral cooling effects of the far-ﬁeldwhere closed
boundary conditionsmight be appropriate. For the 2Dmodel, sedimentsFig. 5. (A) Temperature-Depth (TD) datameasured in T96-012 inDecember orNovember every
1. There is a visible temperature warming in the upper ~71 m between 1996 and 2005. The l
containing too many failed thermistors. The thick black dashed line is the best ﬁt line for the b
average, a clear increase in temperature with depth and time occurs. Below ~70 m, variation
are clearly not in equilibrium with the nearly linear temperature proﬁle in the bottom half of
results of Lachenbruch and Marshall (1986) in Section 11. (C) Depth extent of seasonal clim
precision of the thermistors (dashed grey lines) are shown. 1997 was the ﬁrst complete yea
from the surface to 30.2 m depth contain detectable signal, beyond the 2 sigma precision.
indicating the seasonal climate signal only reaches ~30.2 m below the surface. (D) Tempera
than the 2 sigma precision of the thermistors (dashed grey lines) from surface to 71 m.
combination both longer-term annual (below 30 m) and combined seasonal and annual (uppehave a constant diffusivity consistent withmeasured values and the cell
size is 0.1m in both the x and z direction to forwardmodel temperature
change with time. Results from the two dimensional model (Fig. 6)
show the temperature effect cause by the lake is minimal with a tem-
perature change of b0.0025 °C after 150 years at the well location
~500 m from the tailings pond. Even if the lake temperature is 10
times the surrounding value (for example, 10 °C), the impact on bore-
hole temperaturemeasurements would be below thermistor resolution
base on model results. The potential temperature disturbance of the
tailings pond is therefore likely negligible, and will likely remain so for
the next several decades.other year from 1996 to 2005. All measured temperature data are available in Supplement
ast interpretable proﬁle was collected in November 2005 with the November 2006 data
ottom ~70 m of the well. (B) Expanded view of the TD proﬁles from 0 to 75 m depth. On
between temperature measurements through time are below thermistors resolution, but
the well. This apparent lack of temperature equilibrium is tested and compared with the
atic signal. All 1997 TD proﬁles, normalized to the last 1996 TD proﬁle and the 2 sigma
r of logging and the ﬁrst opportunity to assess the seasonal climate signal. Thermistors
Nearly all temperature measurements below 30.2 mare within the 2 sigma precision,
ture difference between years 1996 and 2005. The warming trend is visible and greater
In the upper ~25–30 m there are large ﬂuctuations in temperature assumed to be a
r 30 m) temperature changes.
Fig. 5 (continued).
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can also impact surface temperatures (Bartlett et al., 2004, 2006). To
account for possible inﬂuences of variable snowpack, we analyzed
temperature and precipitation records for the region during the period
of study (Fig. 7) (Krolak, 2015; NOAA, 2015). Snow cover has been
shown to affect GST trends (Gosnold et al., 1997; Smerdon et al., 2004,
2006). Total snowfall is not presented for weather stations near RDM,
so an approximation is used examining total winter precipitation and
months with average SAT below freezing to estimate snowfall patterns.
This method of predicting snow cover, using precipitation and air tem-
perature observations, has been shown toproduce comparable accuracy
to visible and microwave snow cover predictions (Brasnett, 1998;
Ohmura, 2001; Brown et al., 2010). Similar accuracy is obtained in
these models because SAT is a primary parameter for snow accumula-
tion and melt (Ohmura, 2001).
Precipitation between October and April (when below-freezing
temperatures exist, on average at RDM) show an increase in
precipitation of ~0.6 ± 0.3 (1 sigma) cm/yr during 1996–2005, but
there is no long term change in precipitation (Fig. 7). Previous
research has shown that snowpack changes on the order of 1 m are
required to change SAT-GST coupling (Bartlett et al., 2004, 2006),
which is less than the potential changes visible within the data.Fig. 6.Temperature anomalyplot for a twodimensional cross section runningNNE-SSWthrough
012 (markedby thewhite line). Themodel has 1m resolution and ismirrored about the center o
a full order of magnitude below the thermistor resolution. This model shows themaximumpot
only in these two dimensions (length of tailing pond and into the Earth) and not in the third dim
impact within the well TD proﬁles from the tailings pond for the collected TD measurements a
forward models assessing permafrost thickness. The tailings pond will likely have little impactMonths below freezing are decreasing at a rate of ~−0.05 ± 0.07
(1 sigma) frozen-months/yr, but the large uncertainty in this
conclusion indicates this result is not statistically signiﬁcant. The
months below freezing rate of change shows no clear change during
the time period of study. The lack of a statistically signiﬁcant change
in precipitation and months below freezing indicates there is
currently no detectable change in the long term snow cover trend
based on current data available.
The last potential inﬂuence on subsurface temperature considered
here is SAT warming (Fig. 8) (Water Management Consultants, Inc.,
2001; NOAA, 2015). The monthly average air temperatures reported
for the RDM and Kelly weather stations were averaged to calculate a
yearly mean annual surface air temperature. Only years with complete,
12month records, were used. There is awarming trendof ~1.0±0.8 °C/
decade in annual SAT at the RDM from 1992 to 2005. Kelly weather sta-
tion observed warming of ~2.2 ± 1.9 °C/decade from1998–2005, the
available data record. Both SAT datasets have a high standard deviation,
typical of other SATwarming trends (e.g. Hansen et al., 2006), making it
difﬁcult, if not impossible, to conclude that SAT warming causes tem-
perature increases in the borehole. Standard deviation within the SAT
warming trend is almost equal the warming signal itself, which can be
attributed to the high variability of year-to-year mean SAT. Whilethe tailings pond to evaluate the tailings pond induced temperature anomaly forwell T96-
f the tailings pond. Themaximumeffect in thewell isb0.0025 °C for a 150 year time period,
ential effect because it assumes the tailings pond is always a heat source and conducts heat
ension (width of the pond) because it is not modeled. There is essentially no temperature
nd we anticipate there will not be any temperature inﬂuence for the time duration of our
on regional temperature measurements for the foreseeable future.
Fig. 7. (A) Red Dog Mine total precipitation in the months October through April, the period when snowfall can accumulate, from 1991 to 2005. Precipitation is increasing at a rate of
~0.6 ± 0.3 cm/yr during 1996–2005, the time period of interest in this study. There is a variable increase in precipitation patterns that may perturb subsurface temperatures, but the
long term (~14 year) trend shows no statistically signiﬁcant change in precipitation with a change in precipitation of ~0.15 ± 0.22 (1 sigma) cm/year. (B) Months with average air
temperature below 0 °C at Kelly weather station. Monthly air temperature data are not available at RDM, only mean annual SAT, and data at Kelly weather station were only available
back to 1998. Months below freezing per year is decreasing at a rate of ~−0.05 ± 0.07 (1 sigma) frozen-months/yr. Total months below freezing and the long term precipitation
signal have therefore not changed at a statistically signiﬁcant rate during the period of study, and are therefore not likely signiﬁcant contributing factors to the observed GST warming.
There may be a small perturbation in temperature from the variable precipitation during temperature data collection (1996–2005), however, previous research has shown natural
precipitation variability does not affect SAT-GST coupling on decadal time scales or greater (Bartlett et al., 2004, 2006).
64 J.F. Batir et al. / Global and Planetary Change 148 (2017) 55–71these data have a high standard deviation, the large SAT warming rate
over the period of temperature data collection suggests SAT is the
most likely source of warming in GST. Test models show recent surface
changes (Fig. 6) have negligible effects on the GST. Additionally, previ-
ous research (Bartlett et al., 2004, 2006) has shown a small increase inFig. 8. Weather station surface air temperatures (SAT) at RDM (1992–2005) and Kelly
(1998–2005). The linear best ﬁt lines for the respective data sets are displayed
representing a warming trend of ~1.0 ± 0.8 (1 sigma) °C/decade at RDM and ~2.2 ± 1.9
(1 sigma) °C/decade at the Kelly weather station. Kelly weather station is ~27 km
southeast of Red Dog Mine, located within a valley at 125 m elevation. There is one
small ridge separating Red Dog Mine from Kelly weather station. Both sites indicate SAT
warming during the time of GST data collection, with an increase in temperature
consistently above one standard deviation of uncertainty. Examination of the other
potential factors indicate SAT is the only environmental trend during the TD data
collection period that could affect GST (to within 1 sigma uncertainty).precipitation (~0.6 ± 0.3 cm/yr) is not enough to change SAT-GST cou-
pling. We conclude the warming trend in SAT is a primary contributing
factor to thewarming temperature data in T96-012. To more accurately
constrain this warming however, we use both observations of GST and
numerical forward modeling to estimate the GST warming trend with
time, and compare with SAT warming trends.
There is a noticeable offset betweenGST andmean annual SAT in our
data (Figs. 5A and 8). Multiple SAT-GST coupling studies have shown
this shift between observed SAT and GST (Gosnold et al., 1997;
Smerdon et al., 2004, 2006). This offset is a product of attenuation in
the SAT-GST thermal coupling (Smerdon et al., 2004), which is the
combined result of seasonal or yearly weather pattern variations, the
freeze-thaw cycle, evapotranspiration processes, solar energy
absorption, and other thermal effects (Gosnold et al., 1997; Smerdon
et al., 2004). This offset has been seen in different datasets and in
varying amplitudes, from ~0 to 3 °C (Smerdon et al., 2004; Bartlett
et al., 2006). Modeling has shown that the SAT-GST coupling is fairly
constant over the yearly to decadal scale with similar levels of
attenuation for a given locality, provided that there are no major
ecological/environmental changes to the study area (Smerdon et al.,
2004, 2006). We have demonstrated that our site has not undergone
major environmental changes in the direct vicinity of the borehole,
and weather patterns have been consistent over the period of tempera-
ture data collection; therefore, the observed GSTwarming trend is most
likely driven by the observed SAT warming trend.
The warming trend observed in the well T96-012 TD data is
inferred to be a result of the SAT warming trend at the site since no
other signiﬁcant surface or weather pattern changes are visible
during the period of the TD data collection. We test this hypothesis
by modeling how much ground surface temperature warming is
required by the system to match TD measurements from 1996 to
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proﬁles to estimate permafrost degradation with continued
warming in the future decades. The numerical model is made to re-
produce a polynomial ﬁt of the observed TD proﬁles from 30 to
147.5 m to remove seasonal effects visible in the upper 30 m.
8. Numerical modeling
We discretize the heat diffusion equation and run a numerical
forward-time center-space ﬁnite difference approximation of the ther-
mal evolution of the subsurface from 1996 to 2005 following previous
research (e.g. Beardsmore and Cull, 2001; Bartlett et al., 2006) (see
Appendix A). The model is driven by a constant increase in tempera-
ture at the surface, which propagates heat into the subsurface through
heat conduction. We calculate starting thermal properties from rock
samples and starting Temperature-Depth (TD) curves from raw data
using a third order polynomial trend line.Whole rock thermal diffusiv-
ity with depth was determined by testing all values within 3 sigma
error of the observed rock matrix thermal diffusivity to ﬁnd the mini-
mum misﬁt of the modeled 2005 TD curve versus the observed data.
We utilized the best-ﬁt thermal diffusivity model to then determine
the GST warming trend that best ﬁt the observed subsurface warming
between 1996 and 2005. The modeling space is projected to 1000 m
depthwith an open bottomboundary condition.We then approximate
future GST warming and the effect it has on the ~125 m thick perma-
frost section located in T96-012 following the same approach.
9. Numerical modeling results
The best ﬁtting one-dimensional heat ﬂow numerical model pro-
duces a best ﬁtting rock thermal diffusivity of 1.3 ± 0.1 × 10−6 m2/s
and thermal conductivity of 2.7 ± 0.1 W/m*K, within the uncertainty
of the measured thermal conductivity from core samples. We have de-
termined a rock thermal diffusivity using a forwardmodel that correctly
predicts warming between 1996 and 2005 that is more accurate than
the original XRD derived thermal properties (see Section 5.2). Given
these results, we use the rock thermal diffusivity of 1.3 × 10−6 m2/s
for all subsequent thermal modeling.
We then use our calculated thermal diffusivity to test GST warming
rates in order to determine if there is a better ﬁtting warming rate than
the observed SAT value of 1.0± 0.8 °C/decade.We do this by employing
aMonte Carlomethod that assumes a linear averagewarming rate with
time, the uniform distribution for thermal diffusivity (previously deter-
mined), and we account for latent heat effects in the active layer (see
Appendix A). From this, we estimate a best ﬁtting GST warming rate
of 0.44 ± 0.05 °C/decade (Fig. 9). This rate is within the observed SAT
warming rate (Fig. 8), but (1 sigma) uncertainty is estimated at ~12%
as opposed to the ~80% error from decade scale SAT measurements.Fig. 9. Best ﬁtting model, modeling warming from 1996 TD data to 2005 TD data. The
model ﬁt from 30 to 150 m is within the measurement error of the observed data.9.1. Comparison of GST and SAT at red dog mine for 2015
ThemodeledGSTwarming rate for 1996–2005 is consistentwith the
mean rate of SAT warming, but has signiﬁcantly lower uncertainty. The
estimated GST based on our Monte Carlo best ﬁt suggests an average
warming of ~0.44 ± 0.05 °C/decade, and represents a valuable, alterna-
tive, and independentmethod for predicting surfacewarmingwith time
that removes uncertainties associated with the seasonal variability, like
those observed within the SAT measurements at RDM. The best-ﬁtting
GST warming model has signiﬁcantly lower uncertainty compared to
SAT measurements because temperature diffusion in the well naturally
removes seasonal variability, with the diffusivity of the earth acting es-
sentially as a low-pass ﬁlter for temperature change at the surface with
time. Both the SAT and GST warming trends suggest warming is larger
in magnitude than the 0.2 °C/decade predicted for the region
(Lachenbruch and Marshall, 1986).
10. Forward model of future permafrost degradation
Given that modeling results suggest a warming rate of 0.44 °C/de-
cade is occurring at the RDM site, we use this warming trend as a
starting point for forecasting GST warming 20 and 40 years forward
to 2035 and 2055, respectively, and from this, demonstrate how this
warming will potentially impact permafrost in the region with time
(Fig. 10). Speciﬁcally, we applied the warming rate of 0.44 °C/decade
to our model of GST to evaluate the potential effect warming has on
the permafrost (Fig. 11). The reality, however, is that the warming
trend observed from 1996 to 2005 is likely not linear, and may be dif-
ferent than 0.4 °C/decade. For example, minimum and maximum
warming trends (0.25 and 0.90 °C/decade) predicted by global circula-
tion models (IPCC, 2014) and maximum observed warming trends on
the North Slope (2.0 °C/decade) (Lachenbruch and Marshall, 1986)
imply warming may be as low as 0.25 °C/decade or as high as 2.0 °C/
decade. We therefore run our forward model with warming trends of
0.25, 0.90, and 2.0 °C/decade to test these warming trend models,
and from this, forecast changes in permafrost for northwest Alaska.
Model results show for permafrost at this site, awarming rate of 0.25
or 0.44 °C/decade cause similar degradation and Active Layer Thickness
(ALT) growth rates, with the ALT increasing ~2.5 ± 2 m by 2055,
~145 ± 100% growth of the original ALT (Figs. 10 and 11). There is
large range in uncertainty in active layer growth due to temperature
and model resolution uncertainties of ±1 m (Fig. 11). At warming
rates of 0.90 or 2.0 °C/decade, however, there is signiﬁcantly greater
permafrost degradation, with permafrost melting ~40 to ~75 m below
the surface, respectively (Fig. 10) and ALT signiﬁcantly increases in the
near future. For example, by ~2040 the 0.90 °C/decade warming
model results in ALT growth of ~125%, and for the most extreme
warming case of 2.0 °C/decade, ALT growth is expected to be ~200%
by ~2020.
Using this approach, we also model the likely future residence time
of permafrost at the site (i.e. we estimate the total number of years be-
fore all permafrost is removed from the system due to warming). Sim-
ilar to the previous results for ALT growth rates, the residence time of
permafrost decreases exponentially with increased surface warming.
Assuming warming rates continue at the modeled best-ﬁt value of
0.44 °C/decade, all permafrost is forecast to melt at the RDM site by
~2160. Using the minimum global circulation model warming rate of
0.25 °C/decade, model results indicates complete loss of permafrost
by ~2215, implying that even in this arguably best case scenario, the
study region will still be permafrost free within 200 years. In contrast,
using the maximum global circulation model warming estimate of
0.90 °C/decade, our model result forecast complete permafrost loss
in b100 years, (by ~2110). Finally, using the worst case warming
scenario of 2.0 °C/decade as observed on the North Slope
(Lachenbruch and Marshall, 1986), our model predicts complete
permafrost melt by ~2080.
Fig. 10. Collected and forecast TD curves at T96-012 for equilibrium, 1996, 2005, 2015, 2035, and 2055 for (A) the best ﬁt modeledwarming of 0.44 °C/decade, (B) theminimumwarming
trend estimate for northern Alaska by 2055, 0.25 °C/decade (IPCC, 2014), (C) themaximumwarming trend estimate for northern Alaska by 2055, 0.9 °C/decade (IPCC, 2014), and (D) the
maximumobservedwarming trend on the North Slope of Alaska, 2.0 °C/decade (Lachenbruch andMarshall, 1986). Warming continues in the permafrost layer through 2055, but there is
no degradation at the base of the permafrost layer (~125m) in any of themodels. Models (A) and (B) haveminimal permafrost degradation at the top of the permafrost layer to ~5± 2m
depth, which is not visible in the ﬁgure. Models (C) and (D) show signiﬁcant loss of the top of the permafrost layer (the grey cross hatched zone), to ~45± 5m depth inmodel (C), and to
~75 ± 5 m depth in model (D). Additionally, the permafrost layer in model (D) is almost completely gone by 2055. Above 30 m there are seasonal effects that skew the visible climate
change signal.
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The Temperature-Depth (TD) proﬁles collected from well T96-012
at the Red Dog Mine in northwest Alaska shows warming in the recent
past that likely continues today. Potential surface warming rates in this
area are ~0.44 ± 0.05 °C/decade, based on the modeled GST warming
trends. These values are nearly double the global air temperature
warming estimate of 0.23 °C/decade (Schmunk, 2013) for the same
time period. The higher values ofwarming at 68° N arewithin the Inter-
governmental Panel on Climate Change (IPCC) estimates of warming at
polar regions, and these results have similar values to previous work at
equal latitudes east of the site (Osterkamp, 2007; IPCC, 2014). As noted
earlier, the simplest explanation for increasingGST is the increase in SAT
that has occurred regionally and worldwide. The noise in the SAT
warming trend is a direct result of seasonal temperature variations
that are removed naturally in our GST analysis that uses a best-ﬁt
modeling approach to independently determine thewarming trend vis-
ible within the ground, but with a much higher signal to noise ratio.
Comparison of the results from T96-012 to a similar GST warming
trend study on the North Slope and at Cape Thompson reveal signiﬁ-
cant differences (Lachenbruch and Marshall, 1986). Results nearest
to RDM at Cape Thompson show warming trends of ~0.25 °C/decade
versus the 0.44 ± 0.05 °C/decade at RDM. This difference could per-
haps be due to differences in regional temperature inﬂuences, such
as greater temperature modulation due to the close proximity of the
ocean to the Cape Thompson well or the difference in data collection
period (the Cape Thompson TD log was collected in 1961
(Lachenbruch and Marshall, 1986), whereas our data is from 1996 to
2005). We tested if the data collection time period could be the
cause of the warming discrepancy by running two forward models
from the projected equilibrium through 2005, one with the CapeThompson 0.25 °C/decade warming and one with our best ﬁtting
0.44 °C/decade warming. The 0.25 °C/decade warming model pro-
duces the better ﬁt from “equilibrium” to 1996, but the 0.44 °C/decade
warming model produces the better ﬁt from 1996 to 2005. These re-
sults suggest the discrepancy in warming trends between Cape
Thompson and RDM could be the data collection time period and
that GST warming in the study region was lower in the early 20th
century, consistent with global warming trends this past century
(Hansen et al., 2006; Schmunk, 2013).
Comparisons of our results to data from the North Slope of Alaska
(Lachenbruch and Marshall, 1986) give both a qualitative and semi-
quantitative assessment of regional warming trends. Data from
the North Slope (collected in the late 1970's and early 1980's
(Lachenbruch andMarshall, 1986)) show greaterwarming, on average
0.8±0.5 °C/decade, although these values, when uncertainty is added,
are consistent with what we observe. Many of the North Slope wells
are located near the shoreline and are 300–600 km northeast and
east-northeast of RDM; these two factors inﬂuence GST so that
warming trends from the North Slope are not expected to be similar
to RDM. The average North Slope GST warming trend is double the
RDMwarming trend of 0.44 ± 0.05 °C/decade, but within uncertainty
of themeasurements. An important factor inﬂuencing this discrepancy
is the proximity of the Arctic Ocean to the North Slope wells and lati-
tudes close to the poles, as suggested by previous research (IPCC,
2014). The large standard deviation in North Slope warming values
shows the amount of local variation in an east-west direction. This var-
iation is inferred to relate to local disturbances in GST signal such as
variability in solar insolation (Bartlett et al., 2006), weather (Bartlett
et al., 2004), heat-sinks (such as water bodies) (Lachenbruch and
Marshall, 1969) in the 300 km east-west region where the North
Slope wells are located. Our results compare closer to latitudinal
Fig. 11. Percent of warm-months (SAT N 0 °C) average active layer thickness (ALT) growth versus year for (A) 0.44 °C/decade warming, (B) 0.25 °C/decade warming, (C) 0.90 °C/decade
warming, and (D) 2.0 °C/decadewarming. Themodel is the percent growth of the averageALT for the yearlywarmmonths (March–September) compared to themodeledALT in 1997. The
potential error is derived from the model resolution of ±1 m. Our models show the same general shape with active layer growth resembling an exponentially increasing curve. The
inﬂexion point decreases in age with increasing warming. The inﬂexion point is ~2075 for the best ﬁt model of 0.44 °C/decade warming; however, if warming were to double to
~0.9 °C/decade, the ALT will begin rapidly growing at ~2040. Increased warming beyond the linear trend predicted in (A) would have a signiﬁcant impact on the thickness of the
permafrost and in a quicker time frame. Our ALT growth model presented in (A) is a minimum prediction because a constant linear increase in SAT is used instead of an exponential
increase, which recent climate models suggest may happen (IPCC, 2014).
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Pipeline System (TAPS) (Osterkamp, 2007). Variability within the
Brooks Range (from ~1976/77 to 2005) was previously reported as
0.36–0.71 °C/decade. The estimate for RDM, 0.44 ± 0.05 °C/decade,
overlaps data collection along the TAPS and is therefore within the
range of observed warming, but located ~500 km away from this
study, near the western boundary of the Brooks Range. It is interesting
to note that our resultsmatchmore closelywith lowerwarming trends
for the Brooks Range (0.36–0.71 °C/decade) (Osterkamp, 2007). Ro-
bust reasoning and conclusions for potential differences in warming
trends in space and time, however, requiresmore data points at higher
spatial and temporal resolution. Currently, our results are consistent
with, and generally support previous average estimates for surface
warming within the Brooks Range (Osterkamp, 2007), but also dem-
onstrate how signiﬁcant (20–40%) variability may exist between indi-
vidual sites across the region.
Comparisons made here between RDM and the two large
scale permafrost and climate change studies produces a semi-
quantitative analysis of the latitudinal and longitudinal variation in
surface warming in northern latitudes and in the continuous perma-
frost zone. Latitudinal temperature variations have a greater impact
on rates of surface warming (Lachenbruch and Marshall, 1986). In
contrast, changes in longitude usually are less well constrained and
are likely controlled by a host of local factors (changes in the local
microclimate, geography, ecology, etc.) (Lachenbruch and Marshall,
1969, 1986; Blackwell et al., 1980; Majorowicz and Skinner, 2001;
Bartlett et al., 2004, 2006).
Permafrost loss at sites in eastern Alaska, based onmonitoring, aver-
ages 0.4–1 m/decade (Osterkamp, 2007). These rates match the
modeled thickness losses of the top of the permafrost at RDM(~0.6 ± 0.5 m/decade), although RDM shows no change in the base of
the permafrost layer. The variability in permafrost degradation between
the eastern Alaska sites andRDMcould be a result of climatic differences
between eastern and northwestern Alaska due to proximity to the
ocean, major weather patterns, or topography.
Several regional circulation and land use models look at extent of
permafrost and how it will change with warming (Anisimov and
Nelson, 1997; Anisimov et al., 1997; Nelson et al., 2002; Sazonova
and Romanovsky, 2003; Lawerence and Slater, 2005; Zhang et al.,
2008). The primary conclusion from these models is that the southern
extent of permafrost will degrade and migrate northward throughout
the Northern hemisphere; however, the model results indicate little
change to areas with continuous permafrost such as RDM. The predict-
ed small change in permafrost depth at RDM by these models is in
agreement with our thermal modeling results presented here, but
only if warming rates remain relatively low (0.25 to 0.44 °C/decade).
Active layer growth predictions in northwestern Alaska Range from
30 to 100% by 2050 (Anisimov et al., 1997; Sazonova and
Romanovsky, 2003). In Canada, active layer growth is projected to be
1 m, equivalent to 100% growth by 2100 (Zhang et al., 2008). Our
study, however, suggests active layer growth is predicted to be
~2.5 ± 2 m at RDM by 2055, a ~145 ± 100% increase from the 2015
modeled active layer thickness. Our estimates for permafrost degrada-
tion at RDM are therefore the same order of magnitude as other esti-
mates, but suggest faster degradation and quicker active layer
growth for the region. We were unable to ﬁnd global circulation
models examining active layer growth that agree with the 0.90 and
2.0 °C/decade warming models, suggesting these are worst case sce-
narios that are considered unlikely and have not been extensively ex-
amined. Nonetheless, our model runs all assume a constant warming
Fig. B-3.Maximum temperature anomaly expected for the most recent 10 year period
within well T96-012. The 10 year temperature anomaly is below the thermistor
detection limit (~0.06 °C) at ~75 ± 5 m, which is what is seen in the collected data
(Fig. 5A and B). The 10 year temperature anomaly at the bottom of the well would be
~0.02 °C. The warming signal visible below ~75 m is a longer term warming signal
recorded within the subsurface of decades of past warming.
Fig. B-1.Maximum temperature anomaly expected after 100 years of linear warming in
well T96-012. The total temperature anomaly is expected to be ~0.06 °C, near the
precision of the thermistors in this study. If the GST in the study area has been warming
for the past 100 years, it is likely below instrument detection limits.
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evidence in the past century of accelerated SAT warming (Hansen
et al., 2006; Schmunk, 2013). Our analysis also fails to account for ad-
vective ﬂow warming the subsurface at greater rates as permafrost
converts into more mobile melt water. Our results may therefore be
minimum permafrost loss rates and residence time estimates as
warming rates may likely continue to increase and heat transfer may
becomemore efﬁcient via a higher advective heat transfer component
with time.
While there is good general agreement between most spatial
models and the RDM local thermal model, the Community Climate
System Model, version 3 (CCSM3) (Lawerence and Slater, 2005) does
not agree with the results from the RDM thermal model. The CCSM3
makes a large geographical average incorporating all of the AlaskanFig. B-2. The induced subsurface temperature anomaly from 90 years and 100 years of
linear warming at the surface. The difference between these two curves is the
theoretical temperature anomaly visible within the temperature measurements in well
T96-012.Arctic. The CCSM3 uses a soil layer thickness of only 3.43 m, which is
signiﬁcantly less than the potential thickness of permafrost. This
underestimation of total permafrost volume produces higher ground
temperature predictions than most other models because the CCSM3
model does not account for the heating needed to melt larger volumes
of permafrost. These comparisons show there is good general agree-
ment with most spatial models, but there are discrepancies at both
the top and bottom of the permafrost layer. The discrepancies are like-
ly a combination of low model resolution and generalizations within
the spatial climate models.
One issue with assessing sub-meter scale changes in active layer
thickness and permafrost degradation is both temperature-depth and
model resolution and associated uncertainties. Our analysis, though it
provides a clear advancement in our understanding of temperature
changes with depth in Northwest Alaska, and how permafrost in this
region may evolve with time, is still limited by the temporal and spatial
resolution of the dataset. Because of this, the study simpliﬁes climatic
warming to a homogenous conduction model with the added
complexity of freeze-thaw processes occurring at the surface using a
spatial resolution of 1 m. Ideally, it would be valuable to assess the
role of ﬂuid ﬂow (advection) on heat transport and permafrost
degradation. Such analysis, however, typically requires sub-meter
temperature resolution and high (minutes to seconds) temporal
resolution. Currently, because such data do not exist at this site, we
have used only a more simpliﬁed diffusion model to assess evolution
and degradation of the permafrost in Northwest Alaska; however,
future studies should focus on providing higher-resolution spatial and
temporal data to better constrain the active layer in space and time.12. Conclusions
There is a clear warming trend in Ground Surface Temperature
(GST) visible from Temperature-Depth (TD) data collected in well
T96-012 for the time period 1996 to 2005. Currently, the simplest
explanation for this warming trend is air temperature warming that
propagates into the subsurface over years. The warming rate of
0.44± 0.05 °C/decade estimated from best-ﬁt GSTmodeling represents
an alternative, independent approach for estimating surface warming.
The rate of warming derived from GST analysis is consistent with the
observed SAT warming rate of 1.0 ± 0.8 (1 sigma) °C/decade at Red
69J.F. Batir et al. / Global and Planetary Change 148 (2017) 55–71Dog Mine, yet has signiﬁcantly lower uncertainty due to the fact that
GST measurements naturally ﬁlter out seasonal temperature noise
that exists in all SAT data.
Based on the success of the GST modeling approach at assessing
subsurface temperature changes in time and depth, we predict, using
a one dimensional variable diffusivity conductive heat diffusion
model, future permafrost changes at this site assuming warming
scenarios of 0.25, 0.44, 0.90, and 2.0 °C/decade, following theminimum
andmaximum global predictive models (IPCC, 2014), the best ﬁt model
for RDM, and the maximum observed warming on the North Slope
(Lachenbruch and Marshall, 1986). GST modeling with a warming
rate of 0.44 ± 0.05 °C/decade at RDM results in active layer growth of
~2.5 ± 2 m, or ~145 ± 100% of original thickness by 2055, comparable
to active layer growth and permafrost degradation in regional land
models (Anisimov and Nelson, 1997; Anisimov et al., 1997; Nelson
et al., 2002; Sazonova and Romanovsky, 2003; Lawerence and Slater,
2005; Zhang et al., 2008). If the warming rate increases to values
predicted by other studies of 0.90 or 2.0 °C/decade, the active layer
will grow by ~150% by ~2040, or by ~200% by ~2020, respectively. If
warming continues at the constant rate of 0.44 ± 0.05 °C/decade as
modeled here, all permafrost will melt near this site by ~2150. If
warming increases to 0.90 or 2.0 °C/decade, permafrost will
completely melt by ~2110, or ~2080, respectively. Even with the
most optimistic (minimum) warming rate of 0.25 °C/decade, our anal-
ysis indicates all permafrost will completely melt at this site by ~2200.
Comparison of our results to permafrost monitoring studies at other
sites demonstrates large lateral variability in GST warming and perma-
frost degradation at the regional scale. The analysis highlights not only
how permafrost will likely evolve with time, but perhaps more impor-
tantly, how higher spatial and temporal resolution well data are ulti-
mately necessary to more accurately constrain permafrost evolution
and disassociation throughout Alaska with time.Acknowledgments
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Appendix A. Heat diffusion with latent heat numerical model
derivation
The freeze-thaw cycle is the annual process at the surface where the
H2O in the pore space ﬂuctuates from the solid state to the liquid state.
The initiation of this process requires H2O to reach an activation energy,
equal to the latent heat of formation, before the phase change can begin,
inhibiting temperature change at the water-ice boundary. In both
directions, temperature change is inhibited because of the H2O phase
change. Latent heat and surpassing activation energy for a reaction is a
nonlinear process, but can be approximated using a stepwise
movement across the phase change (Hu and Argyropoulos, 1996;
Prapainop and Maneeratana, 2004). Within the numerical model,
temperature at the phase boundary needs to be held constant while
allowing all other cells to propagate heat following the heat diffusion
equation. Additionally, total heat going into the phase change boundary
cell needs to be recorded. Tounderstandhow latent heat is incorporated
into the numericalmodel, a basic understanding of the numericalmodel
is required.The variable thermal diffusivity heat diffusion equation (Eq. (A-1))
was discretized to run a numerical forward-time center-space ﬁnite
difference approximation.
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Now the heat diffusion equation for variable thermal diffusivity can
be discretized to solve a second-order forward time, center space ﬁnite




























n time node, s
j space node, m
Δz cell size, m
Rearranging A-3 so that the forward model is solved produces the
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This equation can now be solved by running the model from 1996
through 2005 based on the known temperatures at 1996 and the
thermal properties calculated. Incorporation of latent heat is a vital
step and needs to act only on the nodes that are at the phase
boundary.
The heat integration method (Eq. (A-5)) is the method of choice
for this study because it is the simplest method for incorporating
latent heat into a model. The method is explained in Hu and
Argyropoulos (1996) along with other methods to account for latent
heat. Here we focus on how the heat integration method is
incorporated into a discretized heat diffusion approximation
model. The simplicity is preferred here because there are too many
unknowns in thermal diffusivity and temperature to warrant
utilizing a more robust latent heat method. Eq. (A-5) is input into
the model as a step within the iterative loop that evaluates
temperature with changing j (depth).
ΔTCp ¼ Hf ðA 5Þ
At each depth interval, j, temperature Tj is compared to the previous
temperature, Tj-1. If the space Tj to Tj-1 crosses the phase boundary, that
is, if one cell is N0 °C and one cell is b0 °C, then j is held at 0 °C and the
heat that has entered j is calculated (Eq. (A-6)). The model then moves
to j + 1, and checks again to see if j and j + 1 are at the phase boundary.
If these cells are not at the phase boundary, the model calculates Tjn+1
following A-3. This process continues through all space nodes, and the
loop begins again after an incremental increase in the time node. Cell j
is held at 0 °C until enough heat has entered the cell to surpass the
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   Cp j  ρ j  Δz3  ¼ Hnj ðA 6Þ
φρi  Δz3  Lw ¼ Hmnj ðA 7Þ
where:
Hmj
n required heat, J
ρi Density of ice, kg/m3
φ Porosity
Lw Latent heat of formation, J/kg
Δz3 cell volume, m3
There are multiple assumptions made within this process. The ﬁrst
assumption is that all energy entering j goes directly to the pore space
for the phase change and none is lost to the rockmatrix. This is a reason-
able assumption because the higher heat capacity of water or ice versus
minerals should effectively absorb any additional heat added to j. The
second assumption is that the activation energy required for melting
is equal to that of freezing and the physical processes of freezing and
thawing act the same through the phase change. This assumption sim-
pliﬁes the programming requirements so that the absolute value of
the ΔT may be used to calculate the amount of energy entering or
exiting j and account for either freezing or thawing. As stated in Hu
andArgyropoulos (1996), theheat integrationmethod is oneof the sim-
plest methods to incorporate latent heat effects into a numerical model.
This numerical model could be improved upon by utilizing more math-
ematically intensive latent heat codes if higher resolution data justiﬁes
the more precise evaluation of the phase change boundary.
Appendix B. Model resolution tests for the length of the well
The T96-012 temperature proﬁles from 70 to 100m depth are not in
equilibrium with the a priori geothermal gradient determined in the
bottom of the well, however, temperature measurements in this
depth range from 1996 to 2005 show no temperature warming with
time indicative of ground surface temperature (GST) warming. We cal-
culate the expected temperature anomaly at the base of T96-012 fol-
lowing the principle of heat conduction using our ﬁnite difference
approximation and determined thermal diffusivity for the study area.
Models previously developed present the magnitude of a temperature
anomaly through time in a previously undisturbed thermal setting
(Carslaw and Jaeger, 1959; Lachenbruch and Marshall, 1986) based on
an analytical solution to the heat conduction equation. The ﬁnite differ-
ence approximation method is preferred because it produces higher
spatial resolution and the ability to incorporate variability diffusivity
and latent heat effects. Latent heat and variability diffusivity are not
accounted for here. Latent heat hinders the warming signal, which
would reduce the size of the temperature anomaly. The addition of po-
rosity variation causes the variability diffusivity in these numerical
models, which is not accounted for here. Both water and ice (what
would ﬁll the porosity) have a lower thermal diffusivity than the deter-
mined rock thermal diffusivity of 1.3 × 10−6, which would also inhibit
heat transfer from the surface to the bottom of the borehole. Given
these simpliﬁcations, the model presented here (Fig. B-1) is likely an
overestimation of any temperature anomaly expected at the bottom of
well T96-012.
We examine the expected thermal anomaly at the base of the bore-
hole for a linear increase in GST of ~1.6 °C for the past 100 years, approx-
imately equal to themean 2001–2005 surface temperature anomaly for
northwestern Alaska (Fig. B-1) (Hansen et al., 2006). Our model bore-
hole has a 0 °C starting temperature throughout so that the produced
temperature proﬁle is the thermal anomaly induced in the well fromthe increase in GST. The model space has a homogenous thermal diffu-
sivity of 1.3 × 10−6, is extended to 250 m, and has an open bottom
boundary condition to remove edge effects.
The expected temperature anomaly after 100 years of linear
warming at 150 m is ~0.06 °C, near the precision limit of the thermis-
tors. Additionally, the temperature anomaly associated with the last
ten years of the 100 year warming is calculated by taking the tempera-
ture proﬁle at year 100 and subtracting the temperature proﬁle at year
90 (Figs. B-2 and B-3). The temperature anomaly associated with a ten
year warming signal drops below 0.06 °C at 75 ± 5 m depth, which is
what we see in the observed temperature measurements (Fig. 5A and
B). The temperature anomaly associated with a ten year warming
signal is ~0.02 °C at 150 m depth, signiﬁcantly below thermistor
precision. A linearwarming trend of 1.0 °C/decade over the 100 year pe-
riod (equal a GST anomaly of 10 °C) is required to produce a 0.1 °C tem-
perature anomaly at 150 m within our borehole for a ten year time
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